Introduction
The strength of unidirectional composites is essentially dependent on the mechanical behaviour of their reinforcement. The evaluation of this mechanical property requires knowledge of the mechanical characteristics of the fibres. It has been shown that the variability of the tensile properties of fibres can be obtained by single fibre testing [1] [2] [3] or by Bundle Tensile Test
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(BTT) technique. The fibre bundle models with equal load sharing rule were originally introduced by Daniels [4] and Coleman [5] . The fibre bundle models are based on parallel set of fibres each of which has Weibull distribution function [6] . Phoenix [7] [8] [9] gave a theoretical review of probabilistic models for fibre bundles. In its approach the classical equal load sharing model appears as a special case of generalised models where the load on each surviving fibre is not necessary the same. These generalised models extended to case of elastic fibre bundles with random fibre slack, and also to the case of hybrid bundles with several types of fibres.
Using the most common single fibre test technique, it is possible to characterise the strength distribution of the fibres if a large number of individual fibre (n ≥ 40) are tested, and thus to estimate the parameters of the associated Weibull strength distribution. However, some uncertainties appear on the determination of the parameters of the strength distribution by this method. The specimen selection and damage of the fibres during the sampling operation are some problems introducing errors on the determination of Weibull parameters. The bundle tensile test technique allows us to overcome some of these problems. Hence it becomes an alternative method to obtain the strength distribution of the fibres [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and has been used with successfully to study the coating effect on strength distribution changes of carbon fibres [20, 21] . The only difficulty is to obtain a reliable load-strain ) ( ε − P curve of the bundle under quasi-static loading. The determination of the bundle elongation during the test is also a problem because it is generally deduced from the displacement of the crosshead of the testing machine.
It must be emphasized, that in BTT the major difficulties are the specimen preparation and the strain measurement during the tensile test. Variation in fibre cross-sectional area may not be important on a bundle test, but in matters in composite with matrix that affects the local load sharing and the transfer of the load intensity between surviving fibres. In fact, the magnitude of transfer load depends on the fibre radius. Whereas, the analysis on the bundle test, conducted with a reliable measurement of the true deformation, allows to overcoming the problems linked to the variation of the cross-sectional area of the fibres like the scattering of ultimate stresses which is linked to the accurate measurement of the cross-sectional area of the fibres. The large number of broken fibres and the measurement of the true deformation during the bundle test
give the accurate information about the fracture behaviour of fibres.
The failure of bundles of E-glass fibre has been monitored using load-strain measurements and acoustic emission (AE). AE technique is a non-destructive method at damage evaluation [22] [23] [24] , that uses stress waves emitted by stressed material undergoing deformation processes as plastic deformation or crack growth. As an elastic wave or AE signal travels through a material, its characteristics are constantly changing due to damping, boundary surface interactions, etc. Hence a wave form recorded by an AE device is a transformed representation of the wave created by the AE source. In conventional acoustic emission testing, the elastic wave produced by a source is converted to a voltage signal by a resonant piezo-electric sensor.
The AE technique has been used in this study to detect fibre breaks on a one -to -one basis and to determine the variability of the fibre breaks in relation with the ) ( ε − P analysis. Also
Phoenix et al. [24] and Hamstad et al. [25] have used silicone-oil lubricant to reduce the friction between the fibres on Kevlar bundles. They found that all the breaks could be detected and counted individually. Same results were reported in the literature, but in these cases it was be difficult to use BTT in order to obtain the fracture stress distributions of fibres. Only the first part of the load-strain curve below maximum was considered in order to obtain fibres properties. Some works [26] [27] [28] [29] investigates also the discrepancy between experimental data and theory on the tensile behaviour and strength of fibres bundle.
In the present study, experiments were conducted on lubricated fibres bundles. Due to the lubrication, multiple fractures at fibres are expected to be reduced by lowering the interactions between the individual filaments. In addition, the lubricant is used as coupling to
obtain a better propagation of acoustic waves. [30] showed that the strength, the number of fibre breaks at the peak load and Weibull parameters are strongly dependent on the humidity level of the Eglass fibre. Phoenix et al. [24] showed that the Kevlar fibres are more sensitive to the UV light exposure.
Theoretical background

1. Bundle model
The theoretical model of dry bundle fibre consists in a set of N o parallel fibres with statistically distributed strength. The sample is loaded parallel to fibres direction and the fibres fail if the load on them exceeds their threshold value. In stress controlled experiments, after each fibre failure the load carried by the broken fibre failure is redistributed among the unbroken ones following an equal load-sharing rule. This means that after each fibre break the stress is equally distributed on the surviving fibres assuming that no interaction acts between the broken fibres and their neighbours. The high variability in strength found in brittle fibres is well modelled by
Weibull function. This variability is due to randomly distributed flaws on the fibres. The assumptions generally used in this analysis, so-called Coleman's conditions are: 1) filament length is constant within the bundle, 2) the stress-strain relationship for a single fibre follows the Hooke' s law up to failure, 3) load released with the fracture of one fibre is uniformly distributed among the surviving fibres, 4) absence of phenomena which will be able to a premature failure of fibres.
This last point is very important. Then, up to the maximum of load, the dry bundle model and the experimental data are in good agreement. On the contrary, just after the peak load, the experimental load-strain curve exhibit catastrophic failure with a large magnitude of load drop that was not predicted by the theoretical model. This difference is certainly due to fibres interactions as friction between the fibres, stress concentration near the ends of the bundle.
Therefore specific cares are taken to reduce these effects and to obtain experimental curves in better accordance with the model.
Statistical distribution of fibre strength: Single Weibull distribution
Using BTT, the properties of fibres are generally described in terms of the strain ε rather than in terms of the stress σ . These two descriptions are equivalent, as for ceramic fibres, the applied stress σ and strain ε follow Hooke's law up to failure:
where E f is the fibre Young's modulus.
The bundle test is then also likely to give the two Weibull parameters of perfect elastic fibres using a ) ( ε − P curve. The bundle theory has been used by Chi and al. [8] to assimilate the strengths of loose bundle of carbon fibre with those of single carbon fibres. Chi and al. showed that the behaviour of bundles can be described from the simple Weibull strength distribution of fibres and from their geometrical characteristics. Indeed, for a large number of fibres, the number of survival fibres at an applied strain, ε is given by:
where l ε is a scale parameter for a given gauge length l and m is the Weibull modulus, and N o is the number of initially loaded fibres. The survival probability of fibres, ( ) S ε , corresponding to the number N( ) ε of fibres that survive at a given strain ε divided by the initial number of loaded fibres N o , can be expressed as:
A commonly used approach relies on least-squares fit of a linear form of Eq. (3).
which is a linear equation with slope m . It is easy to see from Eq. (3) that l ε is the strain corresponding to a survival probability of 1/e or 0.37.
Assuming that the applied load is uniformly distributed among the surviving fibres and that fibres have a linear load-strain relationship up to breakage, the load at an applied strain ε during a bundle tensile test is given by:
where A is the cross-sectional area of each of the fibres, E f their Young's modulus. The most common technique for estimating the Weibull parameters is to plot the observed data in the linear form of Eq. (4).
Experimental procedure
Specimen preparation and investigated material
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Fibre bundle specimens were prepared according to the protocol described in a previous paper [18] . In the present study, tensile tests on bundles of 30, 60 and 100 mm gauge length have been performed on E-glass fibres manufactured by Vetrotex firm. The mechanical behaviour of bundles has been studied in a tension test on bundle of about 204x10 filaments.
The mean fibre diameter is 15 ± 2 µ m and the elastic modulus is 71 ± 2 GPa.
Tensile test
All the tensile bundle tests have been carried out in room atmosphere (23 ± 2°C and 30 ± 20% of relative humidity). These tests were performed under with a pneumatic testing machine with a 250 N load cell. Two small thermo-retractable stumps of 3 mm long are threaded on the bundle to define the gauge length and to allow clamping of the mechanical extensometer with specific clamps [18] . To put and optimise the position of the extensometer, the sample is previously loaded under 15% of the ultimate load. Fig. 1 shows a view of bundle testing tab, clamping system of the extensometer and Acoustic Emission sensors. Nominal strain values
were measured directly with a mechanical extensometer. The tensile tests have been performed with a crosshead speed of 2 m µ /s. To point out the effect of the humidity, several tests have been conducted after water immersion. In these cases the bundles were lubricated just prior to the loading. In order to examine the effect of lubricant oils on the fracture behaviour change, several lubricants with various viscosities were used.
Acoustic emission system
A two channel Mistras 2001 data acquisition system of Euro Physical Acoustics (EPA) was used for the recording of AE data. Two resonant PZT transducers (Acoustic Emission type µ 80) were acoustically connected to the end of the samples with silicon grease. Table 1 summarizes the typical setting of the AE system. The amplitude distribution covers the range
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0-100 dB (0 dB corresponds to 1 µ V at the transducer output). A fixed threshold of 32 dB was used. This threshold allows to minimize electronic background noise due to the grips, the tensile testing machine and others electrical machines. Preliminary measurements have been performed to optimise the acquisition parameters to the case of the fibres studied (table 1) .
Simulated AE events with pencil lead breaks were used to verify that AE signals were well transmitted across the metallic-sample interface, and to evaluate the wave speed. Each simulated signals recorded was analysed by the Mistras system and six parameters are calculated from the waveforms: rise time, counts, energy, duration, amplitude, counts to peak.
These were used for the conventional analysis of AE data. Furthermore each waveform is digitised and stored. The signals detected are also subjected to a calculation procedure to determine the location of AE signal source. During the AE data analysis, only the events located between the two sensors are considered.
Methods of analysis
P − ε curve analysis
The experimental procedure to estimate the survival probability from the ) ( ε − P curve was described in detail by Chi and al. [11] for a single Weibull distribution. Eq. (5) can be expressed as:
and
where o ℜ is the initial slope of ) (
It is observed from Eq. (6) that the survival probability of the fibres is given by:
where 
S − ε curve analysis
The ) ( ε − P curves are dependent on bundle characteristics, essentially of initial number of fibres and cross section. The survival probability function is independent of fibres Young's modulus, of the initial number and of the individual cross-section area of fibres (Eq.
3). Therefore, the ) (
can be regarded as a master curve and can be used as an indicator of the evolution of mechanical properties of the fibres in a given experimental conditions. Thus in this study, we chose to use ) ( ε − S diagrams to analyse our experimental data. In the present work, for estimating Weibull parameters, a non-linear least squares method is applied using a non-linear curve fitting Eq. (3). We used the chi-square test ( ) 
Results and discussion
Validation of experimental measurements
Influence of the lubrication
In order to examine the effect of the lubricant oils viscosity on the fracture change of Eglass bundles, several lubricants were used. Viscosity versus shear rate for various lubricant oils is shown in Fig. 3 . Typical load-strain curves obtained with a dry bundle (1), petrol oil (2), vaseline oil (3) and light-oil lubricant (4) are given in Fig. 4 . This figure shows that the fracture of fibre is linked to the lubricant viscosities. The maximum of load and the corresponding strain are significantly reduced in the dry bundle. On the other hand, a significant increase in the stress and the corresponding strain is obtained with light-oil lubricant. It is clear that for the highest viscosity (vaseline oil) a decrease of the mechanical properties is observed. As the lubricant viscosity increases, the lateral interaction of the fibre in a bundle enhances local load sharing and thus contributes to the premature fracture of the neighbouring fibres. Hence, it can observe that dry bundles (1) lead to the premature and unstable fracture in comparison with the lubricated bundles. This phenomenon is due to damage induced by inter fibres friction [15] , and by a dynamic failure during the breaking process [11] . When a fibre fails, it retracts that induces a relative displacement with respect to the neighbours. Through shearing the viscous medium that will induce slight tensile overloads on the nearest neighbours. Fig. 5 shows the appearance difference of bundles between a dry and lubricated one. After the test, the dry bundle has the appearance of a cotton-wool, as observed by some authors [12, 15] . For the lightoil lubricant, the fracture is stable indicating that the lubricant reduces the friction damage and the premature fracture by dynamic effect. Indeed, during the fracture process of the bundle with lubricant oil, the fibre remains certainly in their initial position without interaction with neighbouring fibres. It is clear that the efficiency of the lubrication depend on the inter-fibres spacing, the fibres diameters distribution and the wet-ability of the lubricant. For the next, all the tests are performed with the light-oil lubricant.
Loading -unloading test
The necessary condition required to obtain ) (ε S with a good accuracy, is that during the tensile test the ) ( ε − P curve of the bundle exhibit no residual strain when the bundle is totally unloaded before the total fracture of the bundle. It can be verified with particular tensile
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tests where an unloading-reloading cycle to as carried out after the peak load. Examples of these curves obtained with bundle of glass and carbon fibres are shown in Figs. 6a and 6b respectively. These figures show that the ) ( ε − P curve during the loading-unloading cycle is relatively linear, the residual displacement tends to zero and the area at the hysteresis loop is very small. This is typical of elastic damage behaviour as described in Fig. 2 . For glass fibres, an important load loss (indicated by the superposed circle) is observed during the unloadingreloading sequence. This phenomenon can be attributed to sub-critical crack growth process.
This is confirmed by carbon fibres that are not sensitive to stress assisted corrosion in room
atmosphere. This will be discussed later.
The elastic damage behaviour of the bundle is a result of individual fracture of fibres. So the failure of each fibre is followed by a redistribution of load among all the surviving fibres which do not induce further fibre breaks in the vicinity. These remarks imply that the compliance changes are only the results of fibres fractures and the friction between the fibres can be neglected. Thus the survival probability ) (ε S can be experimentally measured with a good accuracy.
Analysis of the acoustic emission data
Typical mechanical and AE results are presented in Fig. 7 . This figure shows the tensile load-strain curve for two gauge lengths (30 and 100 mm) and linear location of AE events between the two sensors. The solid lines indicate the approximate locations of the bundle ends.
Only the events localised in the length have been taken into account during the AE data analysis. The ) ( ε − P curve presents a linear phase, which is followed by a non-linear behaviour. Moreover, the failure of bundle is stable beyond peak load. Whatever the length, the fibre break are distributed over the entire gauge length during the bundle failure. It can noticed that for the short gauge length some breaks are located, only at the beginning of the test, near the bundles ends due to the end effects. For larger gauge lengths, this fracture mechanism is reduced. The ″end-effect″ model was already discussed in details by Stoner and al. [31] .
The friction between fibres is a source of additional AE that increases with the gauge length.
This phenomenon is well highlighted by the histograms of amplitude distributions (see Fig. 8.) .
One can note the presence of two distributions. A principal distribution with amplitudes ranged from approximately 80 to 95 dB, can be attributed to the fibre breaks. The amplitudes of the signals recorded in this distribution during the tensile test increase with the applied strain. This is due to the fact that weak fibres fail under low strain and the fibres with high strength at the end of the test. A second distribution, located towards the low amplitudes, is observed principally on the bundle with large gauge lengths. This second distribution of AE signal is low and can be allotted to the friction between fibres. For the next, this distribution is not taken into account for the statistical analysis of fibre breaks. 10 shows that for 30 mm gauge length (Fig. 10a ) a significant difference is observed between the survival probability obtained by using the ) ( ε − P and AE analysis. On the contrary for 100 mm gauge length (Fig. 10b) the two methods give similar results. Therefore, for the short gauge length one part of fibre breaks is due to the ″end effect″ discussed below. In a general way, this is a good accordance between the number of acoustics events and the number of fibres fractures determined by the analysis of the ) ( ε − P curve. Agreement of 5 % was obtained ( Table 2 ). This shows that the two techniques give similar results for fibre breaks especially for the large gauge lengths. The cumulative count of AE events and amplitude distributions show that each fibre breaks individually. The part of multiple fibre breaks is also reduced and single fibre breaks are dominant during the mechanical test. This result is in good agreement with the fact that catastrophic collapse of the bundle did not occur. Because fibre breaks occur one-by-one and are randomly distributed along the gauge length, fibre breaks are statistically independent. On the location graph, no cluster is observed. The signals assigned to the fibre breaks have higher amplitude, quick rising and decaying. This AE signature can be used to train supervised classifier in composite materials [32] [33] [34] . Nevertheless, in that case the AE signature of the fibre breaks in a matrix will be certainly different and new type of flaws
and fracture mechanisms appears for composite materials.
Effect of relative humidity level
The ) ( The strength estimate at 50% of survival probability was found equal to 1.44 GPa for dry bundle (30% RH) and only 0.92 GPa for fibres tested under water. This result points out that the moisture has a significant effect on fracture of the bundles and affects strongly the fracture behaviour and the mean strength of glass fibres. This result is attributed to the effects of stress corrosion in humid environment where flaws growth due to stress-corrosion mechanisms. It is well known that the strength of glass-fibres is sensitive to the relative humidity [35, 36] because in these fibres, pre-existing flaws subjected to stress and in presence of water vapour grow subcritically up to critical size leading to fibre break. This is due to the weakening of SiOSi bonds by water molecules, and to the stress concentration around the crack tip can leading then to the fracture of these bonds. 
Statistical analysis
Conclusion
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Bundle tensile tests on E-glass fibre have been performed to failure with AE monitoring. The identification of fibres breaks by ″end-effect″ process, lubricant oil viscosity, and controlled breaks progression after the peak load, in addition to direct measurement of true strain by extensometer are key points to obtain a reliable determination of the statistical parameters of the fibre breaks. The AE technique gives additional information on the fibre breaks process. The linear location and the fibre breaks detection allow us to overcome the problems linked with the load-strain analysis like ″end-effect″. Therefore the statistical Weibull parameters can be extracted from the survival probability function-applied strain with a good accuracy.
We have demonstrated that under adequate oil lubrication condition, premature failure of fibres is significantly reduced. It is also shown that glass fibres are strongly sensitive to relative humidity level. Finally, up to 30 mm gauge length, the fracture behaviour of E-glass fibres appears to be principally controlled by one type of defect, attributed to surface defects. Fig.4 . Effect of lubricant-oils on bundle fracture behaviour: Experimental load-strain curves for dry bundle (1), lubricated with petrol-oil (2), vaseline-oil (3) and light-oil (4) for 60 mm gauge length. 
